The effect of protease inhibitors on the response of gibberellic acitreated barley aleurone layers to ethylene was examined. In the absence of protease inhibitors, ethylene plus gibberellic acid initially increased the production of amylase activity relative to layers incubated with gibberellic acid alone. Exposure to ethylene plus gibberellic acid for 48 hours or longer, however, led to depressed levels of amylase activity compared to samples incubated with gibberellic acid in hydrocarbon-free air.
hydrocarbon-free air. However, in the presence of N-ethylmaleimide, ethylene treatment induced a 52% increase in amylase activity recovered from samples after 48 hours. These results suggest that proteases contribute to the loss of amylase activity in response to ethylene and thus alter the apparent effect of ethylene on amylase synthesis. The effect of protease inhibitors on other hydrolases is also discussed.
During the incubation period, the pH of the medium declined significantly. However, ethylene had no effect on the extent of this decline.
Aleurone layers isolated from barley produce proteolytic enzymes in response to GA3 (16) . The most prevalent type of protease found in malt, accounting for 91% of the total proteolytic activity, possesses several characteristic traits. These enzymes exhibit a low pH optimum and are sensitive to sulfhydryl-specific reagents but insensitive to serine-specific reagents or metal chelators (9) .
The de novo synthesis of proteolytic enzymes parallels the synthesis of amylase with respect to the time of release from the aleurone layers (16, 20) and the dependence on the concentration of available GA3 (16) . Through studies with inhibitors, it has been demonstrated that proteolytic activity may be necessary to provide the amino acids required for amylase synthesis. The bromate ion is an effective inhibitor of barley proteases (2, 10) and reduces the 'A grant (A-1451) from the National Sciences and Engineering Research Council of Canada to M. S. S. is gratefully acknowledged. K. C. E. was the recipient of a Graduate Fellowship from the Canadian Wheat Board.
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solubilization of protein during the malting process (19) . The addition ofbromate to the incubation medium ofisolated aleurone layers reduces GArinduced amylase synthesis by 75% (14, 21) . The inhibition of amylase synthesis can be completely relieved by the addition of free amino acids to the medium (14) . In the absence of bromate, amino acids do not increase the production of amylase in response to GA3 (21) .
Proteases may have an equally significant role in the degradation of amylase at later stages of the response of aleurone layers to GA3. Many papers have shown that amylase activity increases to a maximum, then plateaus or declines with extended incubation periods. This effect has been observed with intact seedlings (3), half-seeds exposed to GA3 (3, 25) , and isolated aleurone layers exposed to GA3 (4, 16, 24) . High levels of proteolytic activity may limit the amount of amylase activity accumulated by aleurone layers. In addition, the decline in amylase activity in intact seedlings is accompanied by a decline in the pH of the endosperm (3). A similar drop in pH is observed in culture media containing either half-seeds (3) or isolated aleurone layers (4). The lower pH values not only destabilize amylase (12) , but also approach the optimal pH for proteolytic activity (2, 9) . It is presumed that these two responses, decreasing pH and increasing synthesis of proteolytic enzymes, act in concert to contribute to the decline ofamylase activity during prolonged exposure of aleurone tissue to GA3.
Ethylene modifies the GA3-enhanced production and release of amylase by aleurone cells of barley (13, 15, 17) . A more recent study in our laboratory demonstrated that ethylene initially enhanced the accumulation ofamylase in response to GA3. However, extended incubation for 48 or 72 h in the presence of ethylene and GA3 resulted in a premature decline in the rate at which amylase activity accumulated, compared to aleurone layers that were incubated with GA3 alone (7 NaOH) . Under the conditions of this experiment, an initial concentration of 10 Mm GA3 resulted in the optimal production of amylase (5) .
The culture tubes were designed to allow a constant flow of air (15 ml/min tube) through the medium and tube. This prevented the accumulation or depletion of various constituents of the air (7) . The air was either hydrocarbon-free (6) for the control tissue or contained carefully metered concentrations of ethylene for the test samples (7) . In both cases, CO2 was removed from the air. The apparatus for administering ethylene/air mixtures has been described (5, 7) .
When the addition of inhibitors or amino acids was required, I
ml of a 2-fold concentrated solution of GA3 was sterilized in the culture tube. ethanol, and a maximum of 5 yA of stock solution was added to each 2 ml of incubation medium. The ethanol would be readily removed by the air bubbling through the medium. The solution of casein hydrolysate (acid hydrolyzed, vitamin-free; Difco Laboratories Inc.) and L-tryptophan (Sigma) was prepared immediately before use. When used, the final concentrations of casein hydrolysate and tryptophan in the culture medium were 5 and 0.25 mg/ml, respectively. These concentrations were lower than those used previously (14) . This reduction of amino acid concentration was necessary to eliminate foaming when air was bubbled through the media. Samples of media and of homogenates from aleurone layers were prepared in a final volume of 5 ml as previously described (7) .
Measurements of pH were made with a Radiometer type PH M26 expanded scale pH meter, with a reproducibility of 0.002 pH units and a smallest scale division of 0.01 pH units.
Enzyme Assays. The assay procedures for amylase (7) , glucanase (8) , and xylanase (8) have been presented in detail. One enzyme unit is defined as the activity required to expose I ,ueq of reducing terminals/min at 30°C.
The buffer system required for the determination of proteolytic activity was different from that required for the assay of other hydrolases and consequently, separate samples were needed. The protein that precipitated from samples of extract and medium on the addition of 4 volumes of ice cold 3.9 M ammonium sulfate was collected by centrifugation at 15,300g for 30 min at 2°C (2). The pellet was dissolved in 2.5 ml of 0.05 M sodium citrate, adjusted to pH 3.8 at 25°C with HCI, and dialyzed overnight at 4°C against the same buffer. The assay procedure was that described for hemoglobinase (2) . The substrate suspension was 1% (w/v) bovine hemoglobin (crude bovine hemoglobin powder, type II; Sigma) in the sodium citrate buffer described above. The substrate (4 ml) was pipetted into a test tube that contained I ml of enzyme, and the suspension was mixed gently to prevent foaming. The reaction was terminated after 120 min by the addition of 5 ml ice cold 0.6 M TCA. The precipitate was removed by centrifugation at 10OOg for 30 min at 2°C. The absorbance of the supernate was measured at 280 nm against a reference sample prepared by adding TCA to the sample immediately before the addition of substrate. The absorbance was related to enzyme activity through a calibration curve prepared by dissolving tryptophan in a 1:1 mixture of citrate buffer and 0.6 M TCA. One enzyme unit was defined as the activity required to solubilize 1 ,ueq of tryptophan/min at 30°C.
'Abbreviation: NEM, N-ethylmaleimide. less abundant]) proteases were essentially inactive [9] .) The data in Table II indicate that ethylene increased the synthesis and release of proteolytic activity from barley aleurone layers. However, two problems made assay difficult. The samples contained high concentrations of free amino acids (casein hydrolysate). Under these experimental conditions, other assay procedures (1 1, 16) were found to suffer from high background values and/or poor sensitivity. Also, buffers had to be changed from the incubation buffer to the assay buffer, thus introducing a source of error through loss of enzyme activity. Additional studies were required to determine the extent to which proteolytic enzymes limited the accumulation of amylase in response to exogenous ethylene. The layers were incubated in media that contained inhibitors of proteolytic activity. In addition to the commonly used inhibitor of barley proteases, potassium bromate, we used another inhibitor of sulfliydryl-enzymes, NEM. The inhibitors, as well as the assay, are effective only with the prevalent proteases, described in the "Introduction." The presence of 5 mm potassium bromate or 0.1 mm NEM in the incubation medium reduced total proteolytic activity recovered from the combined media and extracts, by 76% and 52%, respectively (Table  III) . The addition of free amino acids to the incubation media had no effect on proteolytic activity.
The effects of these inhibitors on the recovery of other hydrolytic enzymes were examined (Table IV) . Consistent with data published previously (14, 21) , the addition of potassium bromate reduced the activity of amylase recovered from samples. The amino acid supplement substantially reduced the inhibitory effect of potassium bromate on amylase synthesis. The inhibitory action of NEM was not as effectively reversed by the addition of amino acids. The addition of bromate or NEM severely reduced the activity ofxylanase recovered from the samples, whereas glucanase activity was affected by NEM only. The reduction of glucanase activity by NEM was relieved by the addition of amino acids. Both sulihydryl-reactive reagents lessened the amount of all three hydrolases released from the aleurone layers into the surrounding medium. This may be the consequence of inhibiting the cell walldegrading enzyme, xylanase, as discussed later.
The direct action of the inhibitors on isolated enzymes must also be considered. NEM and bromate had no inhibitory effect on amylase or glucanase, whereas protease and xylanase activities were inhibited directly by these compounds (Table V) . The addition of amino acids to the medium offered no protection to xylanase or protease from the sulfhydryl-reactive reagents. It was impossible to ascertain whether, during the studies with intact aleurone layers, protease inhibitors limited xylanase synthesis or inhibited the enzyme after it was synthesized. Any influence of the inhibitors on amylase or glucanase activity reflected changes in the synthesis or release of these enzymes, as their activity is not directly affected by either bromate or NEM.
The difference between the activity of potassium bromate and NEM in the GA3-enhanced synthesis of hydrolytic enzymes may be the consequence of characteristics of inhibitor action unique to each compound. While they both interact with sulfhydryl groups, bromate functions as an oxidant, and NEM reacts to form the Nethylsuccinamate derivative of the protein (26) . Although NEM reacts primarily with the most active or exposed sulfliydryl groups, it has been demonstrated that NEM can react with other chemical groups, including the a-amino group of N-terminal amino acids (23) . The uncharged nature of NEM permits easy entry into many cells. As is true for most inhibitors, these are not specific in their action. It has been shown, for example, that potassium bromate also reduces respiration during the malting of barley (18) , and that NEM also reduces respiration, but in sunflower stem segments (22) .
It was interesting to note that potassium bromate inhibited the activity of the cell wall-degrading enzyme, xylanase. Previous reports (18) showed that the addition of bromate during the malting process prevents the loss of dry weight and extractable components, including protein, from malt (18) . It is conceivable that the loss of extractable material was reduced, in part, because bromate inhibited xylanase activity (Table V) . Without the cell wall-degrading capability of xylanase, much more material would be retained by the aleurone tissue ofmalted barley. This suggestion was supported by the observation that when xylanase activity was reduced by either of the sulfhydryl-reactive inhibitors tested, the amount of enzyme activity retained within the aleurone layers was increased (Table IV) . The close association between cell walldigestion and the release of proteins from aleurone layers has already been indicated (e.g. Ref. 1).
When ethylene was introduced to aleurone layers that were also exposed to the sulfhydryl-reactive reagents, the response to ethylene was altered relative to aleurone layers without added bromate or NEM. In the samples free of inhibitors, the 48-h ethylene treatment resulted in a reduction of amylase activity by 16% (Tables I and VI ). In the presence of bromate, however, ethylene had no effect on the level of amylase activity (Table VI) . Furthermore, with the addition of NEM, ethylene treatment induced a 52% increase in the recovery of amylase. By contrast ethylene treatment did not significantly alter glucanase activity under any of the experimental conditions.
Experiments were also conducted to measure the change in pH of the medium during the response of aleurone layers to GA3 (Table VII) . The pH of the incubation medium dropped appreciably from its initial value of 5.50. This result was distinctly different from the results of previous studies that reported 20 mm succinate buffers had sufficient buffering capacity to prevent the pH of the medium from dropping when barley half-seeds (3) or isolated aleurone layers (4) were exposed to GA3. In the present investigation, the pH of the medium had fallen to 4.59 after 48 h. Barley a-amylase is subject to partial inactivation at this lower pH, even in the presence of calcium (12) . However, there was no significant difference between the pH of media from control and ethylene-treated samples (rejected at the 10lo level of significance, t test). Ethylene did not limit the expression of amylase activity by accelerating a decline in pH of the incubation medium. In relation to the barley proteases, the decline of pH in the incubation media from 5.50 to 4.59 would increase by approximately 42% (2) the activity of sulfliydryl-containing proteases. These proteases of barely show optimal activity at pH 3.90 (2, 9) , but 65% of the activity found at pH 3.90 would be apparent at pH 4 .50 (2).
In summary, ethylene initially increased the amylase production in response to GA3. After 48 h, however, ethylene treatment resulted in reduced amylase activity. This observed response occurred concomitantly with increasing proteolytic activity. The continued synthesis of proteases and the activation of proteases I]ND SPENCER Plant Physiol. Vol. 70, 1982 by declining pH both contributed to the increment in proteolytic activity.
The loss of amylase activity in response to ethylene treatment was negated and even reversed by the addition of inhibitors of barley proteases in the presence of amino acid supplement. These observations allow us to suggest that the accumulation of protease activity may obscure the effect of ethylene on amylase synthesis and release from GArtreated aleurone layers. This is an important consideration in evaluating the response to ethylene of this biological system.
Thus, in the absence of proteases, the response of aleurone layers to ethylene is seen as a continued acceleration in the rate of amylase accumulation. However, proteolytic action, in preparations free of inhibitors, eventually overwhelms this response, yielding an apparent reduction in amylase synthesis.
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